We discuss the magnetic moments of the recently discovered exotic baryons Θ + and Ξ −− and their multiplet partners in the framework of a naive additive quark model. These baryons are set up as pentaquark states where four quarks and a single antiquark are located in their ground state orbit. The pentaquark states are classified as members of the flavor SU (3) octet and antidecuplet with spin-parity J P = 1/2 − and 3/2 − , where we determine the magnetic moments of these pentaquark states.
Introduction
Recently, two exotic baryons Θ + and Ξ −− have been observed in experiments [1] - [7] , but there still remain discussions about their possible existence (see, e.g. Refs. [8, 9] ). Theoretical interpretations of these baryons were attempted in various scenarios: besides the chiral soliton quark model [10] and the hadron bound state approaches [11, 12] many valence pentaquark models [13] - [21] have been proposed including a wide variety of correlated and uncorrelated quark configurations. These different interpretations lead for example to varying predictions for the parity of these exotic resonances, but none of them are ruled out or selected at this moment due to a lack of experimental information on this quantity. A key challenge for theory also rests on the dynamical explanation of the rather narrow decay widths of these states. At the same time, the Θ + and Ξ −− are believed to belong to a multiplet of states, where the possible observability of the other members has to be worked out in consistency with experimental constraints.
Several pentaquark interpretations have been suggested. Capstick et al. [13] and Carlson et al. [14] studied pentaquarks in a configuration without introducing an additional quark excitation. In particular, in Ref. [13] , the isospin of the Θ + baryon is I = 2, which can explain the narrow decay width since the observed decay channel KN channel is forbidden. In Ref. [14] the Θ + is a isosinglet, which seems favored by preliminary experimental information [1] - [4] . In these pentaquark models, the resulting parity of the exotic baryon is negative. Stancu and Riska [15] , Carlson et al. [16] and Jennings and Maltman [17] studied the pentaquark system in a configuration where one quark is in an excited P -wave state. Jaffe and Wilczek [18] , Shuryak and Zahed [19] , Karliner and Lipkin [20] utilized high correlations of quarks and treated pentaquarks consisting of three-or two-body subsystems. In latter pentaquark models the parity of the exotic baryon is positive due to the additionally introduced P -wave. Pentaquark models without stringent dynamical constraints can in general generate an enormous number of configurations, which satisfy the Fermi statistics and the color singlet condition. This in turn leads to a huge number of pentaquark states arranged in various multiplets, which, however, is phenomenologically unrealistic. Current model building therefore selects some preferred configurations and omits at the moment the discussion of the full spectrum. This situation is in contrast to that of the valence quark model for the conventional baryons.
The valence quark picture for the so-called ground state baryons, where three quarks are in the S-wave ground state and form a symmetric representation of spin-flavor SU(6) according to the Fermi statistics and the color singlet condition, is believed to contain certain validity. The strongest reason in addition to the successful classification of baryons is that the picture naturally explains the pattern of the magnetic moments [22] . For example, the naive constituent quark model predicts the neutron-proton ratio as µ n /µ p = −2/3, which is rather close to the experimental ratio of µ n /µ p = −0.68 [23] . The other ratios within the baryon octet are also reproduced quite nicely with a reasonable flavor SU(3) breaking (details, for example, are given in Ref. [24] ).
In analogy, a realistic pentaquark model (if it exists) should also be able to reproduce the corresponding magnetic moments as in the case of the conventional three-quark baryonic states. Although, experimental data on exotic baryons are rather sparse at this moment, the situation is expected to change in the near future [25] . Several studies for the magnetic moments of pentaquark states have been worked out already. Ref. [26] contains a study of the magnetic moments of the pentaquark system in several models including correlated and uncorrelated ones. Magnetic moments were also predicted in the constituent quark approach [27] . In Refs. [28, 29] , magnetic moments of the antidecuplet baryon multiplet are worked out in the chiral quark soliton model, whereas a QCD sum rule evaluation was done for the Θ + in Ref. [30] . In case experimental data are available for the magnetic moments of Θ + and possibly Ξ −− , the different predictions serve to further constraint the interpretation of the exotic baryons. Results for this quantity are also essential, e.g., for photo-production cross-sections [31] .
In this Letter, we study magnetic moments of the pentaquark systems in the additive quark approach. Based on the success of this simple model for conventional three-quark baryonic states [22] such considerations appear to be reasonable as a starting point in pentaquark models. These tree level results also serve an input for a more detailed consideration of pentaquark physics in sophisticated theoretical approaches, like, e.g., the perturbative chiral quark model (PCQM) [32] . The uncorrelated pentaquark system we study here is described by a configuration, where the four quarks and the antiquark are in the ground state S-wave orbit, namely S-shell pentaquarks. We restrict the states further by imposing a flavor symmetry condition such that an isosinglet Θ + is included. This preference is based on experimental (very preliminary) indication that the Θ + is an isosinglet [1] - [4] . QCD motivated approaches also suggest a negative parity [17] .
Magnetic moment of pentaquark baryon
In the impulse approximation the magnetic moment of a baryon with no internal orbital excitation involved is simply given by the sum of the individual quark contributions. A quark with charge Q and single particle wave function ψ( r ) has the magnetic moment
where J( r ) =ψ( r ) γ Q ψ( r ) is the spatial component of the electromagnetic quark current. For ground state baryons consisting of three quarks in the S-wave ground state the single quark Dirac wave function is parameterized as
with the radial wave functions f and g and the Pauli spinor wave function χ s . The magnetic moment of the each quark is then given by
with the reduced quark magnetic momentμ. The magnetic moment of a ground state baryon B is given in the impulse approximation as
Using spin-flavor SU(6) wave functions for B, the fitted values for the reduced quark magnetic momentsμ i are:
which together with Eq. (4) reproduces the data quite nicely (see, e.g., Refs. [22, 24] ). In the symmetric flavor SU(3) limit withμ d =μ d =μ s the baryon magnetic moment is just proportional to B|
In analogy, in the additive quark model the magnetic moments of pentaquark baryons are given by sum of the single quark and antiquark magnetic moments. When all valence particles are in the ground state S-wave orbit, the magnetic moment of the pentaquark baryon B is given by
Expression (6) is exploited for the prediction of the magnetic moments of pentaquark baryons depending on the ansatz for the color-spin-flavor wave functions and the fit values ofμ i .
In Ref. [21] , we discussed a configuration, originally studied in Ref. [14] , which is motivated by experimental indication that the Θ + baryon is an isoscalar [1] - [4] . Here the spin and isospin coupling of the subsystem of the four non-strange quarks is set to total spin S = 1 and isospin I = 0. Considering all flavor contributions, 36 pentaquark states are distributed among four multiplets: two flavor SU(3) octets and two antidecuplets both with the two possible spinparities J P = 1/2 − and 3/2 − . For details of this configuration see Refs. [14, 21] .
We first consider the unitary flavor symmetry limit and the quark-antiquark symmetric limit where the reduced magnetic moments of quark and antiquark obeyμ q =μq. In this simplest case the magnetic moment of a pentaquark is proportional to the matrix element B| Tables A.1 -A.4 of the Appendix we list these matrix elements for the given configuration. We start with the J P = 1/2 − antidecuplet using Table A. 3. All matrix elements are proportional to the baryon charge Q B with
which also follows for the magnetic moments. The same result was originally obtained in Ref. [27] in the equivalent constituent quark approach. Ref. [26] shows that the magnetic moments of the antidecuplet pentaquarks following the Jaffe-Wilzcek configuration are also proportional to the baryon charge in the symmetric SU(3) flavor limit. Moreover, the same feature occurs in the chiral quark soliton model [28] . The charge proportionality is a common aspect of the flavor SU(3) spin 1/2 antidecuplet with baryon number one, but also for the spin 3/2 antidecuplet as evident from Table A. 4. This however restricts the possibility to distinguish between models when studying magnetic moments. For the Θ + (1/2 − ) state we have
where the corresponding matrix element for the proton equals unity. The magnetic moment of the Θ + (1/2 − ) is related to the one of the proton by µ p /9 giving a positive and small value of about 0.3 µ N in the symmetric limit. As already pointed out in Ref. [27] , this prediction of the simple quark model is consistent with the chiral quark soliton model [28] and with a QCD sum rule prediction [30] . Yet, the authors of Ref. [28] recently revised their result by a new fit where the magnetic moment of the Θ + baryon becomes small and negative [29] . The magnetic moment of the Ξ −− baryon is predicted to be −0.6 µ N .
Next we discuss the J P = 3/2 − antidecuplet as based on Table A .4. The corresponding magnetic moments are again proportional to the baryon charge. The matrix elements are 6 times larger as for the spin 1/2 states. Now the magnetic moment of the Θ + (3/2 − ) states is 1.8 µ N in the unitary symmetry limit. The spin 3/2 states always accompany to spin 1/2 ones in pentaquark models. In Ref. [21] the spin 3/2 states are about 170 MeV heavier than the spin 1/2 ones due to the semi-perturbative gluon effect. Assigning the lighter spin 1/2 state to the observed Θ + baryon, one expects also an 3/2 − Θ + at about 1710 MeV. However, a spin 3/2 assignment to the observed Θ + baryon is in general not ruled out. Moreover, this assignment is also anticipated phenomenologically, since a 3/2 − Θ + can also couple to the D-wave KN channel leading to a small width. Note that the Λ(1520) with J P = 3/2 − decays mainly into the D-waveKN and πΣ, and the total width is about 15 MeV [23] . The model prediction is 1.8 µ N for the Θ + (3/2 − ) state. The Ξ −− 10 (3/2 − ) has a large magnetic moment, about −3.6 µ N , which in turn enhances photo-production.
Concerning the 1/2
− and 3/2 − flavor octet pentaquark baryons, the corresponding matrix elements are given in Table A .1 and A.2. In this case, the magnetic moments are not proportional to the baryon charge. The results for two octets are qualitatively different from each other and also from that of the conventional three-quark octet. The pattern of magnetic moments is therefore characteristic for each octet. The set of magnetic moments in each multiplet fulfills a simple sum rule, that is the sum of magnetic moments equals zero. This sum rule seems universal for all baryon multiplets including canonical and exotic ones. The magnetic moments [26] of the octet pentaquarks based on the Jaffe-Wilzcek model also satisfy the sum rule in the flavor symmetric limit. Moreover, the present results for the spin 1/2 octet are also reproduced in the limit where the masses of the quark and diquark are identical.
Next, we discuss the effect of flavor SU(3) symmetry breaking on the predictions. While we keep the isospin symmetry the breaking is taken into account withμ u =μ d =μ s . Results are plotted as a function of the ratio x =μ s /μ u in Figs. 1 and 2 for the octet and the antidecuplet, respectively. The reduced magnetic moments of the non-strange quarks are set toμ u =μ d = 2.7 µ N . The value x = 1 corresponds to the unitary symmetry limit, while the value x = 0 corresponds toμ s = 0. Judging from the data of ground state baryons, a value of x ≃ 0.65 is favored (see Eq. (5)). Although the effect of flavor symmetry breaking is in general not so drastic, there can be sizable changes for some magnetic moments. For example, for x = 0.65 we obtain
Results for the other magnetic moments can be read off from Figs In this paper, we have used the additive quark approach for simplicity since at least it is successful for the description of magnetic moments of the ground state baryons [22, 24] . On the other hand in the chiral quark picture where valence quarks are supplemented by a cloud of pseudoscalar mesons corrections can be sizable. In Refs. [32] we developed the perturbative chiral quark model based on a such picture, where in proton case, for example, the valence core contributes about 70% while the reminder is explained by the meson cloud. Hence, chiral corrections can generate strong deviations from the picture developed above, which should be worked out consistently. 
Summary
We studied the magnetic moments of pentaquark states including the new exotic baryons Θ + and Ξ −− . Here, we consider a set of 36 S-shell states which are classified by a flavor SU(3) octet and antidecuplet with spin-parity J P = 1/2 − and 3/2 − . Each antidecuplet includes an isosinglet Θ + state. We applied the additive quark approach with the parameters fixed by the magnetic moments of conventional baryons. For the J P = 1/2 − antidecuplet we obtain 0.4 µ N for the Θ + (1/2 − ) state and −0.4 µ N for the Ξ −− (1/2 − ) state, which must might correspond to the observed ones. In the present approach the magnetic moment of the Θ + is small and positive, while for the Ξ −− it is small and negative. 
We also evaluated the J P = 3/2 − antidecuplet in this model. The magnetic moment of the Θ + (3/2 − ) is 1.5 µ N and for the Ξ −− (3/2 − ) we get −3.3 µ N . These states are considered to accompany the possibly observed 1/2 − ones. In the flavor symmetric limit, the magnetic moments of the antidecuplet states are proportional to their charge, and the magnetic moments of a multiplet sums up to zero. We also studied the octet of pentaquark baryons. Each octet has a characteristic pattern of magnetic moments and also satisfies the sum rule in the unitary symmetry limit. Although the pentaquark configuration in the present study and in the Jaffe-Wilczek model are completely different, model predictions for the magnetic moments are quite similar. Moreover, both predictions are identical when the masses of the quark and the diquark coincide in the correlated model.
A Matrix elements for the magnetic moments
In Tables A.1 
